Abstract
Introduction
Giant magnetostrictive actuator (GMA) is the execution component with the giant magnetostrictive materials (GMM) as its driven component to convert the electromagnetic energy into mechanical energy on the basis of magnetostrictive effect. It is a new generation of actuator which can improve the automatic control technology, product accuracy and response speed. This kind of actuator have features such as great output force, relatively smooth frequency response, wide range of temperature, maneuverability with low voltage, accurate control [1, 2] . The hysteresis characteristics inherent in GMM is the primary element to affect the control accuracy of GMA and restricts the extensive use of GMM. Studies show that the hysteresis characteristics of GMM result in the return stroke error of output displacement as high as about 20% [3, 4] . Therefore, the hysteresis issues of the actuators must be solved to improve the control accuracy and performance of the actuators. The basic method to solve the hysteresis issues of GMA with certain material and structure is to build a mathematical model which describes the hysteresis characteristics of materials, that is to eliminate the effect of hysteresis on the actuators by the inversion or compensation of the model.
Currently, there are primarily three kinds of models to describe the hysteresis phenomenon: the J-A Model and the Maxwell Model based on material's physical characteristics as well as the Preisach Model based on the macro phenomenon. The J-A Model is a hysteresis model of magnetization intensity built on the basis of the domain theory for ferromagnetic materials, which can clearly disclose the mechanism of material's magnetization process. However, its more complicated expression and inter-coupling of model parameters make the identification more difficult during the application [5] . The Maxwell Model is a model based on the energy conversion and hysteresis mechanism for the condition that operating frequency is much lower than the first natural vibration frequency of the actuator system, especially for the analogue simulation of hysteresis phenomenon. The Preisach Model is a universal mathematical model to describe the hysteresis phenomenon based on the multi-valued function operator, taking a phenomenological approach, considering only the input and output of the system with all the elements causing hysteresis incorporated. In recent years, the Preisach Model has been widely adopted in the modeling and control of various kinds of hysteresis system relying on its excellent descriptive capability for hysteresis phenomenon. With the merits such as good nonlinear hysteresis predictability, good adaptability, this model applies to the analysis of nonlinear physical process with various kinds of hysteresis characteristics such as magnetostriction, piezoelectric ceramics, shape memory alloy [6] .
The operating principle and structure of GMA
The structure of magnetostrictive actuator made of GMM is shown in Fig. 1 , mainly composed of giant magnetostrictive rod, driving coil, cooling channel, preload bolt, disc spring, output shaft, housing and so on. The giant magnetostrictive rod will have magnetostrictive effect with the action of magnetic field generated within the coils when the driving coils are provided with current, with the length of the rod changing which pushes the output shaft to move, realizing the conversion from electromagnetic energy to mechanical energy. Preload bolts together with disc springs provide certain preloaded force to the giant magnetostrictive rod to improve the magnetostrictive performance of this giant magnetostrictive rod. The case composed of the upper end cover, lower end cover and the side wall of the housing will close the giant magnetostrictive rod and coils inside, trying to minimize the external interruption to magnetic circuit. There are hollow cooling channels in the coil framework, and the temperature control system will control the cooling water flow depending on the surface temperature of giant magnetostrictive rod to guarantee a stable working temperature environment for the giant magnetostrictive rod. 
Modeling of actuator's output displacement based on the preisach hysteresis theory
The actuator is mainly composed of driving coils, giant magnetostrictive rod and microdisplacement transfer mechanism, which can be inferred from the above analysis of the actuator's structure and operating principle. The intensities of magnetic field and magnetization inside of the GMM represent the hysteresis characteristics, resulting a stronger nonlinear hysteresis relation between the intensity of magnetic field and the elongation amount of the giant magnetostrictive rod, which further determines the hysteretic characteristics of the actuator's output. Therefore, the model is divided into four segments (as shown in Fig. 2 ) during the modeling of the actuator's output displacement, that is the driving magnetic field model, material's magnetization model, magnetostrictive strain model and the dynamic model of displacement transfer, among which the most critical segment is the magnetization model's establishment of GMM, that is the determination of the relations between the intensities of magnetization and magnetic field. 
Driving magnetic field model
The driving magnetic field where the GMM acts is generated by the hollow cylinder coil, the average magnetic field intensity H inside of the coil under the action of the current I is:
Among which N represents the total turns of the coil and l represents the effective length of the coil. The total turns and effective length of the driving coil in question are respectively 950 turns and 82mm, that is N=950, l=82mm. Therefore, the average magnetic field intensity inside of the coil is: 950 11.59 KA m 82
The magnetization model of GMM
To improve the positioning control accuracy of the actuator, the reduce of hysteresis errors must be taken into consideration, while one of the most effective methods to address the hysteresis errors is the establishment of model which can describe the material's hysteresis characteristics. The modeling of giant magnetostrictive rod's magnetization process in the paper is based on the Preisach hysteresis theory due to that magnetostrictive effect mechanism of materials are not taken into account in the Preisach theory and merits such as simple expressions, convenient controller design and easy to operate on the computer. The classic Preisach Model derives from the description of ferromagnetic materials' hysteresis characteristics, whose starting point is the hypothesis that magnetic materials are composed by many magnetic dipoles, each of which has certain hysteresis characteristics, therefore, the macro hysteresis characteristics of the material can be regarded as the sum of hysteresis characteristics of all the magnetic dipoles. Based on this theory, the input and output relations of the system with hysteresis characteristics are gained by solve the overall output of current material through the integration for each magnetic dipole, as is shown in Fig. 3 .
In the model, i i
   is the unit i hysteretic operator, (
is the weighing function of unit i hysteretic operator, i.e. the proportion of i i    , among which  and  is respectively the increase and decrease threshold value entered for the system.
Figure 4. Unit Hysteretic Operator
The characteristics of basic hysteretic operators are shown in Fig. 4 ; in each basic hysteretic operator, u is the input while v is the output. The operator's input and output relation is:
Among which
there are only two values +1 and -1 for each unit hysteretic operator. When the system input ( ) The expression of classic Preisach Model is:
Among which ( ) f t represents the system output, which is the average magnetization intensity M inside of the giant magnetostrictive rod in this paper. ( ) u t is the average intensity H of magnetic field generated by the coils, among which weight function ( , )    is the key to the modeling, whose values are restricted within the area of triangle S in the    plane (this area is referred to as the Preisach plane, which is shown in Fig. 5 , which can be expressed as: Additionally,  is the increasing domain value and  is the decreasing domain value, so    .
In the area outside of S in the Preisach plane, the intensity function ( , ) 0     . In any time, S can be divided into two sub regions: (4) can be further expressed to be:
There are double integrals in the above expression, and the weight function ( , )
   in the expression can be determined by solving second derivatives according to the experimental data, so the calculation is very difficult with more errors. Therefore, the above expression is discretized and the computation process is further completed by the numerical computation method in this paper. According to the increase or decrease of the input final values, the solving of this model's numerical value can be divided into two circumstances. When the operating magnetic field ( ) u t monotonically increases from 0 to k  , its output is defined to be ( ) 
When the operating magnetic field   u t monotonically increases, the discretization result is:
When the operating magnetic field   u t monotonically decreases, the discretization result is:
Among which N represents the sequence of operating magnetic field, k  and k  respectively being the maximum value in the increase series and minimum value in the decrease series among the magnetic field sequence. Therefore, the magnetization intensity inside of the giant magnetostrictive rod can be solved by the above two expressions according to the actual conditions of operating magnetic field's monotonically increasing or monotonically decreasing.
Magnetostrictive strain model
Because the relation between the magnetostrictive and driving current of the ferromagnetic materials under the action of magnetic field is not of monotropic function, so if the current intensity or magnetic field intensity is adopted as controlled variable, more significant impact is bound to be imposed on hysteresis and nonlinear. Therefore, the expression of magnetostrictive strain is determined with the magnetization intensity M adopted as the controlled variable, a variable which has direct relations to magnetization status of the magnetic medium based on the generation mechanism of magnetostrictive phenomenon in this paper. The relation between the magnetostrictive strain  and magnetization intensity M of the GMM under certain action of the stress described by the secondary domain model based on energy is [7] :
Among which M s is the saturation magnetization intensity of magnetostrictive materials and s  is the saturation magnetostrictive coefficient. The saturation magnetization intensity and the saturation magnetostrictive coefficient of the materials adopted for this paper are determined to be according to the product performance parameters provided by the material's manufacturer. Therefore, the relation between the strain and magnetization intensity of the giant magnetostrictive rod is [7] :
The relation between the elongation amount and magnetization intensity of the giant magnetostrictive rod is:
Among which L  is the elongation amout of the giant magnetostrictive rod and L is the initial length of the giant magnetostrictive rod without the action of magnetic field. The initial length L of the giant magnetostrictive rod adopted in this paper is 80mm, which together with the Eq.(13) is brought into the Eq.(14) and the relation between the elongation amount and magnetization intensity is:
Output displacement model
It can be known through the analysis of the overall GMA system by a dynamic method that the overall system adopts the driving magnetic field as its exciting source and the forced vibration of the overall system realizes through the elongation and shrinkage of the giant magnetostrictive rod. The simplified dynamic model of the actuator with the giant magnetostrictive rod as its core component is shown in Fig. 6 . The giant magnetostrictive rod is composed of disengaging component spring with single degree of freedom, damper and weight. Under the action of magnetic field, the elongation amount of the giant magnetostrictive rod is x ( x L   ), the output displacement of actuator's output port is y, K t is the rigidity of the giant magnetostrictive rod, K m is the rigidity of displacement transfer mechanism, m t is the total weight of all the moving parts and C t is the damping coefficient. 
Control Method of Giant Magnetostrictive Precise Actuator Based on the Preisach Hysteresis Theory
After the organization, we get:
whose transfer function is:
among which 
among which
 being referred to as damping natural oscillation frequency.
In case of t   , the steady state displacement of the system's output is:
among which K m and K t are the fixed parameters of the system, therefore, the output displacement of the GMA is proportional to the elongation amount of the giant magnetostrictive rod. The rigidity K m of the displacement transfer mechanism for the actuators in question is designed to be 3.91MN·m -1 with the giant magnetostrictive rod's rigidity K t =42MN·m -1 . Consequently:
The control method of the actuator's output displacement

The structure and principle of control system
The magnetostrictive characteristics of the GMM is apt to the impact imposed by the external stress and temperature, the parameters of materials themselves are not stable as well as there are saturation and hysteretic characteristics in the medium-and high-intensive driving magnetic field. There is a necessity for the control system to compensate for these characteristics in order to realize the rapid and accurate controlling on the actuator. There are errors between the actual output and command output, which is resulted from the ideal hypothesis for certain physical process during the modeling of the actuator's system and the interruptions during the running process of the system. Therefore, the feedforward compensation combined with PID controls the actuator's output in the paper. Block diagram for the control system is shown in Fig. 7 . This system is a closed-loop control system composed of feedforward compensating controller and PID controller. In order to overcome the nonlinear hysteresis of the GMA, the hysteresis shall be firstly regarded as a perturbation action acted on the output; the compensation of nonlinear hysteresis is achieved through the determination of control parameters by acquiring the inverse model of the abovestated established actuator model with the method of feedforward. The closed-loop feedback control through the PID controller is adopted specific for the errors and random interruption generated in the process of compensating inversion to further realize the accurate control of actuator's output, among which k is the sequence number of sampling, goal ( ) f k is output's goal value at the moment of k, ( ) f k is the actual value of actuator's output at the moment of k, 1 ( ) u k is the input value after the compensation of the model at the moment of k, 2 ( ) u k is the input value calculated by the PID controller at the moment of k, and ( ) u k is control current variable at the moment of k. [12] 
Controller design
The key of hysteresis compensating process for the actuator by the feedforward controller based on the Preisach Model is to acquire the inversion model of actuator's model. It can be seen from the above-stated established models for each part of the actuator that the difficulty lies in to acquire the inversion model of the magnetization model. The main hysteresis loop of the actuator has excellent symmetrical characteristics, therefore, exchanging the input and output of each first-order turn-back loop in forward direction will acquire corresponding inversion of the first-order turn-back loop in reverse direction. That is, by taking advantage of the feedforward controller part in the actual process and on the basis of discretization Eq. (10) and Eq.(11) of the Preisach Model, the corresponding values M-H of the magnetization intensity and magnetic field intensity shall be firstly off-line calculated by computer and saved in the database, then search out the corresponding output value according to the input value during the actual control process.
The PID control law is:
Among which 2 ( ) u t is PID controller's output signal, ( ) e t is the controller's error signal while P K , I K and D K are respectively the controller's proportion, integration and differential coefficient. The above expression shall be processed by discretization method because computer control system is a digital sampling control system. The paper adopt the Incremental PID method, whose digital expression formula after discretization is:
Among which ( ) e k , ( 1) e k  and ( 2) e k  are respectively the deviations between the goal value of actuator's output and the real-time output value at the sampling moment of k, k-1 and k-2. Therefore, the output current value ( ) u k controlled by feedforward compensation and PID at the moment of k is:
In the design process of controller, the determination of proportional coefficient K p , integration coefficient K I and differential coefficient K D in the PID control algorithm is especially critical. The above-stated three parameters are adjusted by the combination of Ziegler-Nichols installation method [8] and trial-and-error method [9] in the paper. Firstly, the above-stated parameters are calculated by the PID controller parameter installation empirical formula put forward by Ziegler and Nichols, then the above-stated parameters are finely adjusted by the trial-and-error method based on the system's actual response curves until the superior PID control parameters are acquired finally. The specific installation process of these parameters are as follows. [10] The computational formula for PID controller by the Ziegler-Nichols installation method is:
Among which T is the time constant and L T is referred to as delay time, which are determined by the observation and measurement of the system's actual step response curves [11] . The Eq.(26) is adopted to determine the rough value of the above-stated three parameters, and the calculation results will be used for control the GMA system. Then, observe the operating conditions of the system, and make real-time changes to the above-stated three parameters' value according to the laws for system output performance's effect imposed by each parameter of the controller until more satisfied system performance is acquired. Finally, these three parameters are determined to be: K p =10.36, K I =9.22 and K D =0.85.
Realization Process of Control Algorithm
The flow of controlling actuator's output by the combination of feedforward compensation and PID is shown in Fig. 8 . The system will go into the actuator's automatic control state after reasonable initialization of the equipment and parameters. When the error ( ) e k between the actual output value and the goal value of the actuator is greater than the setting threshold value P e , the system will start up the PID control program accompanied with feedforward compensation. Firstly, calculate the current 1 ( ) u k supplied to the actuator's coils by taking use of the models of each actuator part established in Section 3, and then calculate the PID control variable 2 
Actuator's control experiment
In order to verify and assess the effectiveness of the GMA control method designed previously, three control methods are designed in this section, i.e. open-loop, general PID and PID of feedforward compensation based on the Preisach Model, respectively studying on the actuator's step response and displacement tracking, among which the open-loop control realizes by the actuator model established in Section 3 while the general PID is simply incremental PID control. The instruments and devices used in the experimental system include the GMA developed by our team, a set of power amplifier, a cardcage for data input and output, an inductive displacement sensor and a computer. The actuator outputs the displacement under the action of driving magnetic field, the actual output displacement of the actuator will be measured in real time by the displacement sensor, the collected data of which after the A/D conversion will be sent to the computer control system by the data input and output cardcage via the input channels. The control variables from the data processing by the computer according to the designed control algorithm after D/A conversion will be sent to data input and output cardcage, the current control variable output by whose output channel will be input into actuator's coils after being amplified by the power amplifier, controlling the actuator to output new displacement and completing the control of actuator's output.
The step response results of actuator's 80µm output displacement are shown in Fig. 9 , which show that there are greater open-loop control errors for the actuator; the step response shall reach stable adjustment time of around 5ms with the overshoot of about 7.5% under the PID control method accompanied with the Preisach feedforward compensation, and the adjustment time and overshoot respectively reduce 28.6% and 39% compared to general PID control; the results are superior to that of open-loop control and general PID control. Although the actuator offers microsecond response time, it is hard to realize due to the effect of power amplifier's excitation time and the response time of the actuator's mechanical system. Therefore, the research group will focus on the analysis on the factors affecting the excitation performance and the response time of displacement transfer mechanism to improve the rapid response capability of the overall actuator system in the future research. In order to verify the performance of the control method in terms of the controlling on the actuator's intermittent positioning and hysteresis, position tracking experiments for the actuator output displacement (60, 80, 60, 40, 60, 40, 20 and 40µm) are carried out with three methods in the paper, the results being shown in Fig. 10 . It can be drawn from the analysis of the tracking capability of these three methods' on the actuator's output displacement that when the target displacement changes, the adjustment time of PID control on the output displacement will be too long (shown in Fig. 10(a) ); although the adjustment time of feedforward algorithm is very short, by which the goal value can't be accurate with greater errors (shown in Fig. 10(b) ); it can be seen from Fig. 10(c) that the PID control method accompanied with feedforward compensation bears the advantages of the previous two methods with significant decrease of displacement adjustment time and errors, therefore, this control method performs excellent tracking capability regarding the tracking output displacement of the GMA.
Conclusions
Aiming to the nonlinear hysteresis problem existing in the output of the GMAs, the actuator's model is divided into four separate segments. Then, based on the Preisach hysteresis theory, a model which can describe hysteresis characteristics for the actuator is established. By regarding the hysteresis as a perturbation action acted on the actuator's output, the inverse model of the established model is acquired and the feedforward compensation controller is designed, which is combined with the PID feedback closed-loop control method, finally bringing out the design of PID controller with feedforward compensation. After experimental comparison of various control methods, the results show that the control method designed in the paper can realize the effective and accurate control on the actuator's output displacement. However, the research group needs further analyze the factors that affect the excitation performance and the response speed of displacement transfer mechanism to improve the response speed of the overall actuator system in order to make the actuator and control system meet the requirements of application in engineering.
